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a b s t r a c t 
The integrated processes of ﬂame acceleration, deﬂagration-to-detonation transition (DDT), and the re- 
sulting detonation propagation in micro- and macro-scale channels are simulated. It is found that the 
modes of ﬂame acceleration and DDT in these two channels are different, being primarily controlled 
by viscosity and turbulent ﬂame development, respectively. Furthermore, while boundary layer ignition 
is crucial for DDT in both channels, viscous wall friction is the key to self-sustained propagation in 
micro-channels, leading to momentum loss and consequently deﬁcit of the detonation velocity. In macro- 
channels, the strong overdriven detonation decays and gradually evolves into the Chapman–Jouguet det- 
onation. 
© 2016 The Authors. Published by Elsevier Inc. on behalf of The Combustion Institute. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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(. Introduction 
Deﬂagration-to-detonation transition (DDT) in channels is be-
ieved to involve the acceleration of a low-speed laminar ﬂame
rom a weak ignition source to a high-speed deﬂagration wave
hrough various processes which would trigger local explosions
nd eventually transition to detonation. Understanding the entire
ransition process not only is of fundamental signiﬁcance, but it
lso commands practical interests such as mitigation of explosion
azards and the development of pulse-detonation engines [1,2] . 
Previous studies on DDT in channels with relatively large
idths, for example O (10 mm) and larger, have shown that the de-
elopment and interaction of turbulent ﬂames, shocks, hot spots
nd reaction gradients [3–8] are essential in the transition to
etonation [9] . Urtiew & Oppenheim and Meyer & Oppenheim
10,11] clearly observed DDT, and found that the transition modes
epend on the interaction of the wave appearing ahead of the ac-
elerating ﬂame. Valiev, Bychkov and Akkerman et al. [6] showed
heoretically that compressibility of the gas moderates the ﬂame
cceleration. Liberman and Ivanov et al. [7] presented experimental
tudies of DDT in highly reactive hydrogen–oxygen and ethylene–∗ Corresponding author at: Department of Mechanical and Aerospace Engineer- 
ng, Princeton University, Princeton, NJ 08544, USA. 
E-mail address: cklaw@princeton.edu (C.K. Law). 
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 http://creativecommons.org/licenses/by-nc-nd/4.0/ ). xygen mixtures, and showed that viscous friction from no-slip
alls is the key factor of the origin of DDT. Gamezo, Khokhlov
nd Oran [12] examined numerically the effects of bifurcated
hock structure on shock–ﬂame interaction and ethylene–air DDT
n shock-tube experiments. Their results showed that the presence
f bifurcated structure leads eventually to hot spots behind the
ach stem, thus facilitating DDT. Zel’dovich [8] discussed the prop-
gation velocity of the reaction wave in the mixture with nonuni-
orm initial conditions, and showed that the reaction gradient trig-
ers the DDT. Liberman et al. [13] studied the formation of the pre-
eated zone ahead of a propagation ﬂame and the sequential reac-
ivity gradient, considered as a mechanism underlying the DDT. 
Furthermore, numerical studies [10,12–15] suggested that vis-
osity could affect the DDT distance, the detailed transition mech-
nism [6,7,9,13,15] , as well as propagation of the generated detona-
ion [14,16–19] . These simulations, however, were conducted sepa-
ately for the isolated phases of laminar ﬂame acceleration [9,20] ,
urbulent ﬂame evolution and DDT [2,12] , and the propagation of
irectly initiated detonations [18,19,21] . For example, Bykov et al.
14] showed theoretically that hydraulic resistance and heat loss
ffect the detonability and ﬂammability limits; the shock bifur-
ation observed by Gamezo et al. [12] results from the boundary
ayer induced by viscosity; the origin of DDT is relevant to the in-
eraction of shock with boundary layer [4,7] ; and the experimental
bservation of detonation propagation in tubes with porous wallstitute. This is an open access article under the CC BY-NC-ND license 
286 W. Han et al. / Combustion and Flame 176 (2017) 285–298 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2
 
e  
b
 
 
 
 
 
H  
p  
p  
h  
o
a  
s
t  
p  
r  
σ
ζ  
a[21] , leading to the understanding that the drag from the porous
wall leads to velocity deﬁcit. 
As the channel width is reduced to the micro-scale, deﬁned
by Wu et al. [5] , effects of viscosity and heat transfer from the
wall become more signiﬁcant [4,5,9,15,19,22,23] , as is reasonable
to expect. The ensuing laminar ﬂame accelerates and eventually
transitions to detonation through thermal explosion in the wall
boundary layer [16] . Consequently viscous effects directly affect
the transition, while the associated viscous loss could also lead to
reduction of the detonation velocity from the CJ value [5,20,21] .
Kagan and Sivashinsky [15] discussed the important role of hy-
draulic resistance in DDT in a thin, semi-inﬁnite and thermally-
insulated channel. Brailovsky and Sivashinsky [4] also found that
DDT was triggered by localized thermal explosion in the extended
preheat zone induced by wall friction. Wu et al. [5,22] observed
the occurrence of DDT through experiments in the micro-scale
channel (0.25–3.0 mm) ﬁlled with ethylene–oxygen mixture, and
found deﬁcit in the detonation velocity. Furthermore, Ishii, Itoh
and Tsuboi [19] experimentally studied the detonation velocity
deﬁcits in narrow gaps due to viscous drag. Studies of the com-
bustion waves in hydraulically resisted systems were reviewed by
Brailovsky et al. [16] . 
Recognizing the complexity and highly-coupled nature of the
individual processes leading to DDT and the subsequent detona-
tion propagation, the potential role of viscosity with varying chan-
nel dimension, and that an integrated study of the individual pro-
cesses has not been undertaken, in the present investigation we
have simulated the entire process of DDT, from initiation by an ig-
nited ﬂame to the subsequent detonation propagation, in micro-
and macro-channels, by solving the system of reactive conserva-
tion equations including the Navier–Stokes (NS) equations. Conse-
quently we are able to identify the speciﬁc mechanisms of DDT
and the subsequent detonation propagation mode in these chan-
nels of highly disparate dimensions, when subjected to viscous ac-
tion. Furthermore, we shall identify the respective roles of pulsa-
tion and cellular instabilities as well as the early burning in front
of the turbulent ﬂame in the DDT processes. 
σ  
Fig. 1. Flame acceleration, DDT and detonation in the micro-channel: (a) Exponential acc
cceleration and the transition to detonation. (a) and (b) are the locally zoomed segment. Governing equations and numerical methods 
The conservation equations including the compressible NS
quations, with advection, diffusion and reaction sources, are given
y 
∂(ρ) 
∂t 
+ ∂(ρu i ) 
∂ x i 
= 0 , (1)
∂(ρu i ) 
∂t 
+ ∂ 
∂ x j 
(ρu i u j + δi j p − ζi j ) = 0 , (2)
∂ 
∂t 
(
ρe + 1 
2 
ρu i u i 
)
+ ∂ 
∂ x j 
(
ρu j h + 
1 
2 
ρu i u i u j + σ j − u i ζi j 
)
= 0 , 
(3)
∂(ρY ) 
∂t 
+ ∂ 
∂ x j 
(
ρu i Y −
μ
Sc 
∂Y 
∂ x i 
)
= −AρY exp (−E a / R p T ) , (4)
p = ρR p T /M. (5)
ere ρ , p, u and T are the density, pressure, velocity and tem-
erature, respectively, Y is the mass fraction of the multicom-
onent gas, e = QY + C V T = QY + R p T /( γ−1) the internal energy, and
 = QY + C p T = QY + R p T γ / ( γ−1) the enthalpy, which are all functions
f space x and time t . Furthermore, Q is the heat of reaction, C V 
nd C p the speciﬁc heats at constant volume and constant pres-
ure, respectively, R p the ideal gas constant, M the molar mass, γ
he adiabatic exponent, and E a and A the activation energy and
re-exponential factor of the assumed one-step overall reaction,
espectively. The stress tensor ζ ij and the energy diffusion vector
j are respectively given by 
i j = μ
(
∂ u i 
∂ x j 
+ ∂ u j 
∂ x i 
− 2 
3 
∂ u k 
∂ x k 
δi j 
)
, (6)
j = μ
(
C p 
Pr 
∂T 
∂x j 
+ Q 
Sc 
∂Y 
∂x j 
)
. (7)eleration; (b) DDT; (c) Entire process of DDT including the exponential and linear 
s of (c). 
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Table 1 
Thermo-physical properties of the 
gaseous mixture. 
γ 1.4 
Q (J Kg −1 ) 36.5 R u T 0 / M 
Ea 32 R u T 0 
p 0 (Pa) 10 
5 
T 0 (K) 300 
μ0 (m 
2 /s) 1.72 × 10 −4 
p N / p 0 56 
p CJ / p 0 28.6 
D CJ (m/s) 2438 
T  
c  
ﬂ  
n  
r  
F
(
pere μ ≡ ρν is the viscosity coeﬃcient, ν the kinematic viscosity,
r = 0.75 and Sc = 0.75 the Prandtl and Schmidt numbers, respec-
ively, and δij the Kronecker delta. The ﬂame thickness is deﬁned
s f l = ν/ PrS l , where S l is laminar ﬂame speed. Reynolds number is
eﬁned as Re = S l d / ν , where d is channel width. 
To numerically solve the governing equations, we apply ﬁfth-
rder local characteristics based on the WENO conservative ﬁnite
ifference scheme [24] to discretize the advection term and the
ixth-order central difference to the diffusion term, with third-
rder TVD Runge–Kutta time discretization. 
. Results and discussions 
In the simulation, channel widths of 0.22 mm ( ∼5 f l ) and 12 mm
 ∼250 f l ) were selected to respectively represent the micro- and
acro-channels. The channel is ﬁlled with a gas mixture subjected
o a one-step overall reaction; the mixture parameters are given ina b
d
e
ig. 2. Pressure proﬁle along the axis in the process of DDT and detonation in micro-cha
c) Transition to detonation; (d) Evolution of pressure proﬁle in the entire DDT process; (
roﬁles corresponding to (b) and (c), respectively. able 1 , obtained by the GasEQ for stoichiometric ethylene–oxygen
ombustion [25] . The laminar ﬂame speed S l is 4.5 m/s, and the
ame thickness is 0.05 mm. The ﬂame propagation Reynolds
umber is Re = 6 and 313 for the micro- and macro-channels,
espectively. A planar ﬂame initiated by a weak ignition source,c
f
nnel: (a) Constant-pressure combustion stage; (b) Formation of pressure gradient; 
a), (b) and (c) are the locally zoomed segments of (d); (e) and (f) are temperature 
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Fig. 4. Histories of maximum pressure on the wall for three grid-resolution levels: 
blue dash line (30pts/ f l ), black solid line (50pts/ f l ), red dash line (60pts/ f l ). (For in- 
terpretation of the references to color in this ﬁgure legend, the reader is referred to 
the web version of this article.) with expansion ratio of 10.0, is set at the left, closed end of the
channel, while the right end is free ﬂow. In the unreacted mixture,
the initial velocity, temperature and pressure are 0.0 m/s, 300 K
and 1 atm, respectively. Both the upper and lower boundaries
are described by reﬂective boundary conditions in the normal
direction for both cases, with and without viscosity. The reﬂective
boundary condition adopted is commonly used in the simulation
of channel detonations without boundary viscosity [26] . In the
propagating direction both the top and bottom walls are non-slip
for the case with and without physical viscosity. 
Grid resolution is essential in the numerical simulation of DDT.
For the reactive NS equations, if the numerical resolution is low,
results would change with grid resolution because numerical dif-
fusion is dominant compared to physical diffusion [27] . Conse-
quently, results can be considered physical only if the grid reso-
lution is adequate such that numerical diffusion is negligible. In
recent simulations of DDT [28,29] , 20 or even less points per ﬂame
thickness have been used in ﬂame propagation or transition from
deﬂagration to detonation. In the present simulation, 50 points per
ﬂame thickness (50pts/ f l ) is adopted to mesh the computation do-
main. It is noted that the grid resolution used here is valid to de-
scribe the global characteristics in the process of DDT, i.e., lami-
nar and turbulent ﬂame acceleration as well as the gradient and
Shock Wave Ampliﬁcation by Coherent Energy Release (SWACER)
mechanisms. Detailed veriﬁcation of grid convergence is given in
Appendices A and B . Due to the large number of the computa-
tional mesh, an eﬃcient parallel code with adaptive reﬁned mesh
is used on a massive parallel platform to accurately capture the
strong leading shock formed through the pressure gradient. 
3.1. DDT in micro-channel 
In the micro-channel, evolution of the ﬂame front throughout
the entire process of DDT, shown in Fig. 1 , is seen to consist of
three stages: namely exponential acceleration of the ﬂame, transi-
tion to detonation, and steady detonation propagation. In the ﬁrst
stage, due to viscous drag at the wall, the ﬂame stretches and takes
a ﬁnger shape, leading to an increase in the ﬂame surface and
consequently ﬂame acceleration, see Fig. 1 (a) and (c). The ﬂame
speed increases exponentially at this stage, consistent with pre-
vious studies [5,22,30] . Mechanistically, as the ﬂame accelerates,
compression waves are generated and heat the unburned gas inront of the ﬂame, causing further acceleration and strengthening
f the precursor compression waves. As a consequence, a lead-
ng shock is formed upon the superposition of these compression
aves, and an ultra-fast ﬂame in the strongly preheated region
ear the wall is created through the interaction of this leading
hock within the boundary layer, as shown in Fig. 1 (b) and (c).
iscous heat created from wall friction also promotes the ﬂame ac-
eleration in the boundary layer. The ultra-fast ﬂame further cou-
les with the strong precursor shock at x ∼ 0.155 m, leading to
DT to complete the second stage, shown in Fig. 1 (b) and (c). Sub-
equently, in the third stage, an overdriven detonation forms and
hen decays, as clearly seen from Fig. 2 , discussed next. 
The lower panel of Fig. 2 shows the pressure evolution along
he propagation direction at the channel center. It is seen that dur-
ng the initial stage of laminar ﬂame propagation, the pressure is
W. Han et al. / Combustion and Flame 176 (2017) 285–298 289 
Fig. 5. Evolution of (a) laminar ﬂame to (b) turbulent ﬂame in the macro-channel. 
Fig. 6. Deﬂagration to detonation transition and connecting cellular detonation in the macro-channel: (a) Temperature, (b) Density, (c) Pressure, (d) Vorticity. 
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t  ow and is close to the initial value of the unreacted mixture; the
ame at this stage can be considered to be undergoing constant-
ressure combustion, as shown in Fig. 2 (a) and (d). 
As the ﬂame and the ﬂow ahead of it accelerate, a strong pres-
ure discontinuity forms and subsequently a leading shock appears
 Fig. 2 (b) and (d)). Hence, the pressure proﬁle consists of both the
reheated region and the reaction zone, as shown in Fig. 2 (b) and
e). A temperature gradient ahead of the ﬂame front is generatedy the preheating of the wave, with the leading edge of the pres-
ure steepening and then decreasing in the preheated zone; see
ig. 2 (c) and (f). Consequently, a gradient mechanism of the reac-
ion associated with temperature shown in Fig. 2 (f) forms, which
ventually triggers the onset of the overdriven detonation; see
ig. 2 (c) and (d). 
Figure 3 shows the time–distance trajectory of the ﬂame and
he leading shock. It is seen that at x ∼ 11–14 cm, the leading
290 W. Han et al. / Combustion and Flame 176 (2017) 285–298 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Flame structure in the boundary layer and formation of local explosion: (a) 
t = 7.856 × 10 −4 s, (b) t = 7.864 × 10 −4 s, (c) t = 7.872 × 10 −4 s; (d) t = 7.880 × 10 −4 s; 
(e) t = 7.889 × 10 −4 s; the upper and the lower panels are pressure and temperature 
contours, respectively. shock propagates at ∼950 m/s, while the ﬂame accelerates con-
stantly. At x ∼ 14–15.5 cm, the ultra-fast ﬂame in the boundary
layers appears and the ﬂame speed rapidly increases and reaches
∼1500 m/s on average; the boundary-layer ﬂame catches up, cou-
ples with the leading shock, and leads to the overdriven detona-
tion. 
Numerical resolution tests were performed by carrying out the
simulation with three levels of grid resolution. Figure 4 shows
the maximum pressure histories for the DDT with different grid-
resolutions. The solution with 30pts/ f l differs signiﬁcantly from
that obtained with 50pts/ f l , demonstrating that numerical diffusion
affects the DDT. However, the results with 50pts/ f l almost converge
onto those with 60pts/ f l , showing that the present resolution is
suﬃcient for the micro-scale DDT. It is further seen that DDT with
30pts/ f l occurs earlier and the detonation decays faster due to the
large numerical diffusion. 
3.2. DDT in macro-channel 
In this section, the complete process of ﬂame acceleration, DDT
and the resulting cellular detonation in the macro-channel is sim-
ulated. Figure 5 (a) and (b) shows evolution from the laminar pla-
nar ﬂame to the turbulent ﬂame. Initially, the ﬂame front be-
comes curved due to the diffusional-thermal instability [31,32] ,
while stretch caused by viscosity plays a minor role, as shown
in Fig. 5 (a). Subsequently, it develops into a cellular ﬂame, which
substantially increases the burning surface and the heat release
rate, leading to a self-accelerated ﬂame. The accelerated ﬂame
generates compression waves ahead of it, which in turn lead to
further ﬂame acceleration causing it to develop into a turbulent
ﬂame, as shown in Fig. 5 (b). It is known that the self-acceleration
of the ﬂame results initially from instabilities controlled by the
diffusional-thermal instability, while characteristics of the subse-
quent transition to the turbulent ﬂame are controlled by the hy-
drodynamic instability. 
Early local burning also occurs in the preheated boundary layer
( Fig. 5 (b), from t = 6.54 × 10 −4 s), which further speeds up the tur-
bulent ﬂame and causes the leading compression wave to be grad-
ually ampliﬁed to form a strong shock ( Fig. 6 , t = 7.51 × 10 −4 s).
Local explosion is then triggered by focusing and reﬂection of
the resulting shock ahead of the ﬂame and in the boundary
layer ( t = 7.90 × 10 −4 s). As this explosion wave propagates forward
and couples with the precursor shock, a strong overdriven det-
onation forms and eventually evolves into a cellular structure at
t = 8.34 × 10 −4 s; see Fig. 6 (a)–(d) for the details of the cells. 
The detailed process of DDT, boxed by red lines in Fig. 6 , is en-
larged in Fig. 7 , showing the global turbulent ﬂame structure at
x ∼ 0.315–0.355. It is seen that the boundary-layer ﬂame propa-
gates faster with respect to that in the middle, shown in the lower
panel of Fig. 7 (a), and that the ﬂame surface is characterized by
a vortex-roll and ﬂamelet structure, which is caused by instabil-
ity through shearing. The vortex then entrains the unreacted gas
into the ﬂame, and the turbulent ﬂame burns into the unreacted
gas, generating a complicated series of pressure waves and weak
shocks between the upper and lower boundary-layer ﬂames. Fur-
thermore, there are two main transverse shocks (TS1 and TS2)
created by the boundary-layer ﬂame moving towards the upper
and lower walls respectively, see the enlarged pressure contour in
Fig. 7 (a). Liberman et al. [7] also observed clearly the complicated
transverse wave ahead of the accelerating ﬂame, as recorded by
Urtiew et al. [10] , which were always apparent during the tran-
sition and played signiﬁcant role in DDT. Furthermore, the colli-
sion of shock 1 (S1) with shock 2 (S2) occurs at L1, while multi-
shock intersections produce high temperature zones; see L2 and
L3 in Fig. 7 (a). Over time, multi-point auto-ignitions appear at L2
as a collection of hot spots, also seen at L1 and L3, as shown in
W. Han et al. / Combustion and Flame 176 (2017) 285–298 291 
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lig. 7 (b). These hot spots are ampliﬁed synchronously by the
hocks, leading to local explosions, as demonstrated by the pres-
ure and temperature contours in Fig. 7 (c). 
On the other hand, TS1 and TS2 move constantly towards the
alls and interact with the boundary-layer ﬂame; see Fig. 7 (c)
nd (d). Hence, the reaction rate is enhanced and the ﬂame tem-
erature increases, with some hot spots appearing in the front
f the boundary-layer ﬂame, as shown in the lower panel of Fig.
 (d). As the transverse wave collides with and reﬂects from the
all, the strengthened reﬂection shock ampliﬁes the fast heat re-
ease and leads to local explosion in the boundary layer, as shown
n Fig. 7 (d) and (e). It is noted that Gamezo and Oran et al.
12] have studied the role of the shock–boundary interaction in
DT and found that the onset of detonation is related to the bi-
urcation of the reactive shock in the boundary layer, with the
hock initially introduced to examine the interaction of the reﬂec-
ion shock and the boundary layer generated by the incident shock.
n the present study the shock is created by the constantly accel-
rated ﬂame. Due to the turbulent ﬂame with the wrinkled front,
he resulting pressure wave is rather complicated, as shown in
ig. 7 . Consequently, the detailed mechanisms of the shock–ﬂame
nteraction are different in the two simulations, although both lead
o the understanding that ampliﬁcation of the strengthened shock
o the hot spots in the shear-vortex layer is critical for the onset of
ocal explosion that leads to the detonation formation. 
We further note that a reﬂection shock (RS) is seen near the
all at x ∼ 0.328 m, and moves to the middle of the channel, as r  
ig. 8. Flame structure in the boundary layer and formation of local explosion: (a) t = 7
eft and right panels are the density and mass fraction contours, respectively. hown in Fig. 7 (a). The detailed interaction of the RS with the
oundary-layer ﬂame is enlarged in Fig. 8 . Small-scale vortices are
resent in the boundary-layer ﬂame, which rolls the unreacted gas
nto the shear layer; see the mass fraction contour in Fig. 8 (a). The
S propagates back and interacts with the boundary-layer ﬂame
aving the shearing-vortex structure; see Fig. 8 (b). This then trig-
ers the local explosion by amplifying locally and synchronously
he heat release of the gas in the concave zone of the boundary-
ayer ﬂame; see Fig. 8 (c) and (d). 
.3. Comparison of DDT in micro- and macro-channels 
Figure 9 compares the different modes of transition to deto-
ation in terms of the front propagation velocity in micro- and
acro-channels. For the micro-channel, initially the ﬂame velocity
ncreases exponentially due to the viscosity-induced ﬂame stretch.
hen the compression wave preheats the unburned gas and inter-
cts with the boundary layer, which further linearly accelerates the
ame. The velocity subsequently jumps above the CJ value due to
he coupling of the ultra-fast boundary-layer ﬂame with the pre-
ursor shock. The detonation ﬁnally decays and propagates at a
peed below the CJ value, with the velocity deﬁcit caused by the
iscous loss at the channel wall [17,33,34] . It is noted that the
peed variation during the entire process of ﬂame acceleration,
DT and detonation is consistent with the experimental results of
20] , with further details numerically identiﬁed here. To summa-
ize, ﬂame acceleration in micro-channels mainly depends on the.856 × 10 −4 s, (b) t = 7.864 × 10 −4 s, (c) t = 7.872 × 10 −4 s; (d) t = 7.880 × 10 −4 s; the 
292 W. Han et al. / Combustion and Flame 176 (2017) 285–298 
Fig. 9. Two different modes of detonation onset. 
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t  viscous effect, while the DDT is also affected by direct initiation
induced by the ultra-fast ﬂame caused by viscosity in the bound-
ary layer. Furthermore, viscosity is responsible for the loss of the
propagation momentum and hence deﬁcit of the resulting detona-
tion velocity, which will be further discussed in the next section. 
In contrast, DDT in macro-channels is caused by ﬂame instabil-
ity and the formation of turbulent ﬂames. Nevertheless, viscosity
still plays an important role in the formation of the boundary-layer
ﬂame and triggering local explosions when the leading shock inter-
acts with the boundary layer. DDT occurs as a result of these local
explosions, with the velocity suddenly jumps to a high value and0.055 0.056 0.057
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Fig. 10. Effect of viscosity on micro-scale detonation (0. 44 mmhen decays to the CJ velocity, as shown in Fig. 9 . Detonation prop-
gation subsequent to DDT is mainly controlled by the triple-point
ynamics and viscosity is negligible after formation of the cellular
tructure (cf. Fig. 6 , see also Section 3.4 ). 
.4. Further consideration of viscous effect for different channel scales
As the physical scale becomes smaller, viscous effect assumes a
ore important role [35] . To further demonstrate the viscous ef-
ect on micro-channel detonation, the detonation is initiated di-
ectly by a strong energy source and its average velocities are de-
ermined as the channel diameter is reduced from the macro-scale
o the micro-scale. We solve the reactive ﬂow Euler and NS equa-
ions for comparison and further assess the role of the viscosity in
he boundary layers on the deﬁcit of the detonation velocity. For
he NS system, the boundary condition is non-slip ( u wall = 0) and
lip ( u wall = u /4, u /2) walls, where u wall and u respectively denote
he ﬂow velocities on the wall and at the axis, while the non-slip
 u wall = 0) wall is used for the Euler case. For viscous detonation,
alidation of the grid resolution is given in Appendix B . 
Figure 10 shows the detonation structure and shock pressure
istory along the channel center and the wall for a channel width
f 0.44 mm. For the Euler system neglecting viscosity, the shock
riple-point is observed; however, in the NS system with viscosity,
here is no triple shock; see Fig. 10 (a). Similar result can also be
een from Fig. 10 (b), in which high frequency pressure pulsations
enoting the existence of cell structure are observed in the Euler
ut not the NS system. 
Comparing results of the Euler and NS systems, it is seen that
lobally the shock is curved due to the viscous effect from the
oundaries, with an oblique shock near the wall. The oblique shock
nteracts with the boundary layer and induces fast heat release,
hich causes the shock pressure near the wall to become larger
han the steady ZND value ( Fig. 10 (b), cf. [36-38] ). The detonation0.058 0.059 0.06
NS
Curvedshock
3 0.04 0.05 0.06
(m)
Axis
r
Wall
): (a) Detonation structure; (b) Shock pressure history. 
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Fig. 11. History of shock pressure for the detonations with and without viscosity: 
(a) d = 0.88 mm, (b) d = 4.4 mm; the upper and lower panels in (a) and (b) corre- 
spond to the Euler and NS solutions, respectively. 
v  
d
 
f  
t  
t  
i  
a  
t  
f  
d  
t  
m  
w  
a  
F  
m  
v  
i  
a  
d  
c  
i
 
o  
4  
r  
d  
o  
i  
c  
d  
F  
e  
c  
i  
e  
d
 
v  
t  
i  
a  
b  
c  
[  
a  
o  
[  
n  
t
 
F  
c  
a  
o  
s  
b  
d  
d  
s  
s
 
i  
s  
f  
t  
s  
l  
4  
o  
t  
s  
a  
d  
t  
i  
s  
d  
t  
g
4
 
t  
t  
c  
ﬂ  elocity deﬁcit is caused by the loss of momentum due to viscous
rag, consistent with previous results [21,39] . 
We further note that, for d = 0.88 mm, single-head mode forms
or both inviscid and viscous detonations, and the triple-point mo-
ion produces a spinning track shown in Fig. 11 (a). The triple-point
rack solved by NS is more curved and its pressure near the wall
s higher due to the stronger local explosion here. This is reason-
ble because the stronger local explosion not only is caused by
he interaction of the triple point with the wall, but it is also af-
ected by viscous heating in the boundary layer. Smaller pressure
ifference at the triple-points near the wall can be observed for
he larger diameter of d = 4.4 mm, shown in Fig. 11 (b). Further-
ore, for d = 4.4 mm the role of viscosity in the shock pressure is
eakened globally, while the triple-point distribution on the front
nd the regularity of the cell are still slightly affected, as shown in
ig. 11 (b), and the detonation cell with the viscosity tends to be
ore irregular. Nevertheless, for the larger diameter channel the
elocity of the cellular detonation is almost not affected by viscos-
ty; see Fig. 14 . Similarly, Mazaheri et al. [40,41] also showed that
lthough viscosity affects the instability of the multi-dimensional
etonation, it does not signiﬁcantly affect the global detonation
haracteristics by modifying the development of the hydrodynam-
cs instabilities in the absence of unreacted pockets [40] . Figures 12 and 13 further show the front structure of the det-
nation with different levels of grid-resolutions for d = 0.88 and
.4 mm. It is seen that the detonation structures with two grid
esolutions are qualitatively consistent. However, for 30pts/ f l the
etonation front is not very clear and thicker boundary layers are
bserved from the vorticity contours in Figs. 12 (a) and 13 (a), ow-
ng to the larger numerical diffusion. As the gird resolution is in-
reased to 50pts/ f l , the detonation front becomes sharper and the
ensity and vorticity contours are captured clearly, as shown in
igs. 12 (b) and 13 (b). Note that the thickness of the boundary lay-
rs is also reduced with increasing grid resolution because numeri-
al diffusion is negligibly small, showing that the detonation veloc-
ty deﬁcit is caused mainly by physical viscosity; see Fig. 14 . How-
ver, for inviscid detonation, velocity deﬁcit decreases signiﬁcantly
ue to the absence of physical diffusion; see Fig. 14. 
We next note that the classical theory of one-dimensional in-
iscid ﬂow of a perfect gas cannot be applied to situations where
he ﬂow is viscous and skin-friction drag due to viscous shearing
s important. Consequently, for a realistic analysis the drag force
nd its work need to be included in the momentum and energy
alance as a source term in the one-dimensional equation. In this
ase, a more realistic model can be proposed such as the Zel’dovich
42] model, in which a drag force is added to the momentum bal-
nce. Lee (2008) provides a review of the effects of boundary layer
n gaseous detonation [39,43] . Brailovsky et al. [44] and Sow et al.
35] also studied theoretically the effect of the friction on the deto-
ation velocity by modeling the friction force; see Appendix C and
he analytical solution shown in Fig. 14. 
When the channel diameter is increased to the macro scale,
ig. 14 shows that the inverse diameter approaches zero, and the
orresponding detonation assumes a cellular structure, with the
verage detonation velocity tending to the classical CJ value with-
ut viscosity [cf. 44, 45]. The viscous drag can be determined by
etting ( u wall = 0) and ( u wall = u /4 and u /2) for no-slip and slip
oundary conditions. However, as the channel diameter decreases,
etonation velocity deﬁcit is observed, and is ampliﬁed as the tube
iameter is reduced. The change of the velocity deﬁcit in the NS
ystem as a function of the channel diameter is qualitatively con-
istent with the theoretical curve derived in Appendix C . 
From the theoretical solutions ( Fig. 14 ), a critical diameter ex-
sts below which the detonation is no longer supported [44,45] ;
ee the solid lines in Fig. 14 . Hence, the incorporation of the drag
orce imposes a detonability threshold beyond which the detona-
ion quenches and transitions to a deﬂagration [44] . Results also
how that viscosity causes a global curvature of the shock, which
eads to detonation velocity deﬁcit, as previously reported [44,46-
9] . Sow et al. [35] also found that viscous drag induces ﬂuctuation
f the physical quantities in the ZND structure, which further leads
o larger detonation velocity deﬁcit than predicted by steady analy-
is. In the present simulation, while the detonation velocity deﬁcit
grees qualitatively with that predicted by the theory, signiﬁcant
eviation is observed for smaller hydraulic diameters . It is found
hat for the present 2-D simulation the detonation velocity deﬁcit
s smaller than that of the 1-D. As the diameter decreases to very
mall values, detonation cannot be sustained and transitions into a
eﬂagration wave; see the lower panel in Fig. 14 . It is further seen
hat with u wall increasing, the diameter with which detonation de-
enerates to deﬂagration becomes smaller as shown in Fig. 14 . 
. Conclusions 
In the present study we have shown that transition to detona-
ion in the micro- and macro- channels proceeds differently due
o viscous effects. In the micro-channel, the entire DDT process
onsists of the following stages: exponential acceleration of the
ame due to viscous stretch; linear acceleration of the ﬂame due to
294 W. Han et al. / Combustion and Flame 176 (2017) 285–298 
(a) 30pts/fl (b) 50pts/fl
Fig. 12. Front structure of viscous detonation with different grid resolutions ( d = 0.88 mm). 
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t  compressibility; abrupt acceleration to overdriven detonation due
to direct ignition of the unreacted gas by the strong and curved
leading shock; and ﬁnally steady detonation with a velocity be-
low the CJ value. In the stage of steady detonation, viscosity is a
positive feedback to support self-sustaining propagation by the in-
teraction of the curved shock with the wall. However, it also leads
to substantial momentum loss and hence deﬁcit of the detonation
velocity. 
DDT in macro-channels, however, takes a different transition
mode, with the following sequence: initially slow acceleration of
the ﬂame due to ﬂame instability; transition to turbulent ﬂame
with precursor compression wave; overdriven detonation due to
local explosion induced by the strong shock; and cellular deto-
nation with the average velocity close to the CJ value. Viscos-
ity has minimal inﬂuence on the ﬂame acceleration as well as
the detonation velocity; however it induces local explosions near
the boundary which in turn leads to DDT. It is also noted that,
instead of establishing the detonation wave through direct ini-
tiation, this is the ﬁrst time that the complete and integrated
process of laminar ﬂame acceleration, turbulent ﬂame evolution,
DDT and subsequent detonation in macro-channels is conducted.
The study therefore conﬁrms and completes the understanding of
the DDT mechanism and shows the observed cellular detonation
structure. 
It is further noted that non-slip and adiabatic wall is used in
the NS simulations, leading to local heating in the boundary layer
and consequently ignition and DDT, as shown here. Since such a
mechanism is absent for an isothermal boundary, simulations have
been mainly focused on ﬂame acceleration. As such, further studies
involving an isothermal boundary are merited to investigate effects
of heat loss to the walls on the DDT. f  cknowledgments 
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ppendix A: Veriﬁcation of grid convergence in the DDT 
egime 
In order to verify the independence of the present results on
rid resolution, we recalculated the macro-scale case with uniform
rid resolution of 10pts/ f l , and then adaptively reﬁned the mesh
ith 1/3 and 1/6 the grid sizes of 10pts/ f l when compression
aves appear. Thus, the minimum mesh size is respectively 30
nd 60pts/ f l . Finally, we compared the results obtained with the
ifferent gird resolutions to verify grid convergence. Figure 15
hows the characteristics of the local explosion in DDT for these
rid-resolution levels. Globally, the location where DDT occurs
s coarsely consistent, at x ∼ 33–36 cm. Closely inspecting the
ransiting process of DDT, it is seen that for the 10pts/ f l the onset
f DDT cannot be clearly distinguished since local explosion is not
bserved in the unreacted gas owing to the lower grid resolution,
ee Fig. 15 (a). The generation of DDT is preceded by the simul-
aneous autoignition of the entire unreacted gas surrounded by
he black line in Fig. 15 (a). Therefore, the grid resolution is invalid
or revealing the detailed mechanism of DDT. For 30pts/ f , locall 
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(a) 30pts/fl (b) 50pts/fl
Fig. 13. Front structure of the viscous detonation with different grid resolutions ( d = 4.4 mm). 
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pxplosions can be observed between the shock and the ﬂame
urface, and in the boundary layer, as shown in Fig. 15 (b). While
ulti-point local explosions appear and the complicated picture
ith shock-in-shock structure is considered, the unreacted gas
n the region ( Fig. 15 (b)) is still burnt out nearly simultaneously,
wing to the lack of distinguishing the reaction progress in the
ircumstance with nonuniform distributions of pressure and tem-
erature. Obviously, the numerical result still depends strongly
n the grid resolution. For 50pts/ f l , strong local explosions occur
nd initiate the unreacted gas between the leading shock and
he turbulent ﬂame, which leads to strongly overdriven detona-
ion, shown in Figs. 6 and 15 (c). However, as the grid resolution
ncreases to 60pts/ f l , globally the characteristics of the local ex-
losion resemble those obtained with 50pts/ f l . This shows that
he present grid resolution of 50pts/ f is able to capture the locall xplosions and is valid to describe the global characteristics in
DT. 
ppendix B: Veriﬁcation of grid convergence for detonation 
ith viscosity 
To examine grid convergence of the viscous detonation, we use
he grid resolutions of 10, 30, 50 and 60pts/ f l to solve the NS so-
ution. Figure 16 shows that the cells are grid-dependent for the
ower grid resolutions of 10 and 30pts/ f l , and hence their size and
egularity still change as the resolution increases to 50pts/ f l . How-
ver, for 60pts/ f l , the cell pattern and regularity are basically sim-
lar to those of the 50pts/ f l . This shows that the solution with
0pts/ f l is valid for examining the role of viscosity in detonation
ropagation. 
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Fig. 14. Deﬁcit of detonation velocity vs. channel diameter: D ML denotes momen- 
tum loss. (red, blue, black) symbols and solid lines are respectively 2-D numerical 
and 1-D theoretical solutions for u wall = ( u/ 2, u/ 4, 0); Solid symbols are for NS solu- 
tion, while empty symbols for Euler solution. Lower panel shows deﬂagration wave 
for the case with d = 0.11 mm and u wall = 0; and red is for high value, while blue for 
low value. (For interpretation of the references to color in this ﬁgure legend, the 
reader is referred to the web version of this article.) 
Fig. 15. Pressure contours at different grid resolutions: (a) 10pts/ f l , (b) 30pts/ f l , 
(c) 50pts/ f l and (d) 60pts/ f l . 
Fig. 16. Cellular structure of 2-D detonation with different grid resolutions: (a) 
10pts/ f l , (b) 30pts/ f l , (c) 50pts/ f l and (d) 60pts/ f l . 
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d  ppendix C: Analysis on effects of momentum and heat loss on
he detonation velocity 
One-dimensional reactive Euler equations and the conservation
quations for mass, momentum, and energy with an effective vis-
ous drag f and heat loss h are transformed to the reference frame
oving with the steady detonation wave, 
∂ρ
∂t 
+ d ρv 
d x 
= 0 (C1)
∂ρv 
∂t 
+ d (ρv 
2 + p) 
d x 
= f (C2)
∂ρe 
∂t 
+ d (ρv e + pv ) 
d x 
= uh (C3)
∂ρY 
∂t 
+ d ρv Y 
d x 
= ω (C4)
here the drag force f and the equivalent work h can be speci-
ed f = −2 c f ρ| u-u wall |( u-u wall )/ d, h = uf [12,15] , where d is the hy-
raulic diameter. In the frame attached to the shock, we have χ =
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  −D τ , where χ denotes the abscissa whose origin is attached to
he shock, D is the shock speed which is time independent, and τ
s the time coordinate in the shock-attached frame. Considering a
teady solution, we obtain 
d ρ(u − D ) 
d χ
= 0 (C5) 
∂(ρu (u − D ) + p) 
∂χ
= f (C6) 
∂ 
∂χ
(ρ(u − D ) 
(
T 
γ − 1 + 
1 
2 
u 2 
)
+ up) = Qω + h (C7)
∂ 
∂χ
(ρ(u − D ) Y = −W. (C8)
The scaled parameters are obtained by using the half-reaction
ength of the steady ZND model, the sonic speed, and the initial
ressure, temperature and density in the quiescent gas as the cor-
esponding reference scales. Consequently, the initial density, pres-
ure and temperature are unity. Integrating Eqs. (C5) –( C8 ), from
he post-reaction CJ state to the upstream state ( u = 0, p = 1, T = 1,
= 1, Y = 1), one readily obtains 
CJ ( u CJ − D ) = −D (C9)
CJ u CJ ( u CJ − D ) + p CJ = 1 + 
∫ 0 
−r 
f dχ (C10)
CJ (u −D ) 
(
T CJ 
γ −1 + 
1 
2 
u 2 CJ 
)
+ p CJ u CJ = −D 
(
1 
γ −1 + Q 
)
+ 
∫ 0 
−r 
hdχ. 
(C11) 
Hence, detonation velocity D reads 
D + 2 D (1 +  f ) + (1 +  f ) 2 γ 2 
2 D 2 ( γ 2 − 1) + 
h 
D 
= 
(
1 
γ − 1 + Q 
)
. (C12) 
In the loss-free case with f = h = 0, the equation becomes the
lassical relation for the ideal CJ detonation 
( D 0 ) 4 − 2(Q( γ 2 − 1) + γ ) ( D 0 ) 2 + γ 2 = 0 . (C13)
The subsequent analysis employs the values of the hydrody-
amic quantities at the downstream (post-shock) side of the ad-
ancing shock, namely the Neumann state. The pertinent jump
Hugoniot) conditions expressing continuity of mass, momentum
nd energy ﬂows yield 
p N = 1 − γ + 2 D 
2 
γ + 1 , T N = 
(1 − γ + 2 D 2 )(2 γ + (γ − 1) D 2 ) 
(γ + 1) 2 D 2 
, 
N = (γ + 1) D 
2 
2 γ + (γ − 1) D 2 , u N = 
2(−γ + D 2 ) 
(γ + 1) D . (C14) 
At high activation energy T N is expected to be close to T 
0 
N 
;
ence, D should be close to D 0 . Speciﬁcally, 
T N − T 0 N 
T 0 
N 
≈ 2(D − D 
0 ) 
D 0 
G ( D 0 ) (C15) 
here 
 ( D 0 ) = 2(γ − 1)( ( D 
0 ) 
2 + γ ) 
(2 ( D 0 ) 
2 − γ + 1)((γ − 1) ( D 0 ) 2 + 2 γ ) 
(C16) 
(D − D 0 ) 
D 0 
≈ − (  f ( D 
0 ) 
2 + γ 2 ) + h D 0 ( γ 2 − 1) 
( D 0 ) 
4 − γ 2 
as 
 f = l ig f 0 N h = l ig h 0 N (C17) here the induction distance l ig can be determined [40] , and the
lassical CJ velocity is 
 
0 = 
√ 
2( γ 2 − 1) Q . (C18) 
Hence, we obtain the D - d −1 curve, shown in Fig. 14. 
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